INTRODUCTION
The leadzyme is a catalytic RNA that cleaves a specific ribophosphodiester bond in the presence of Pb 2ϩ (Pan & Uhlenbeck, 1992b )+ It was originally isolated by in vitro selection of molecules undergoing cleavage from partially randomized sequence libraries related to the sequence of yeast tRNA Phe (Pan & Uhlenbeck, 1992a )+ The secondary structure of the leadzyme, shown in Figure 1 , consists of two helical domains sandwiching an asymmetric internal loop of six nucleotides+ Cleavage is effected at the phosphodiester bond between C1 and G2 (see Fig+ 1A)+ Rather than producing 29-39-cyclic phosphates via a transphosphorylation/cleavage reaction as other catalytic RNA domains (Buzayan et al+, 1986; Hutchins et al+, 1986; Epstein & Gall, 1987; Forster & Symons, 1987) , the leadzyme also performs a second hydrolytic reaction of the cyclic phosphate intermediate reminiscent of protein ribonucleases+ Thus, the final products possess either a 59-hydroxyl group or a 39-phosphomonoester terminus (Pan & Uhlenbeck, 1992b )+ Although some NMR structural data are available on the conformation of this RNA domain, its detailed three-dimensional structure, a requisite to the understanding of the details of this reaction, is unknown+ Over the past years, we have been developing a computer-based modeling protocol for RNA consisting of first translating primary, secondary, and tertiary structure data into geometrical constraints, then applying a constraint satisfaction solver, MC-SYM (Major et al+, 1991) , to generate all-atom three-dimensional models, and finally, refining the preliminary models with molecular mechanics energy minimization (Nilsson & Karplus, 1986; Weiner et al+, 1986 )+ The small size of the leadzyme rendered it an ideal subject for our procedure+ Moreover, the abundance of activity data on structural analogues of the leadzyme provided us with the challenge of including these data in an automatic protocol+ During the modeling of the Rev protein binding site of HIV-1, the ability of a collection of RNA molecules (aptamers) to engage in a common bimolecular interaction was taken to mean that the aptamers share many aspects of their three-dimensional structures (Leclerc et al+, 1994 )+ In particular, the geometry of base-base interactions at the binding site should be conserved among aptamers in spite of sequence variation+ In the case of the leadzyme, many structural analogues have been isolated and their catalytic activity has been determined+ Catalytic activity may be a more powerful reflection of the three-dimensional structure of the molecule than the binding ability of above because analogues have to mimic all conformations along the reaction pathway as well as the energy levels+ Therefore, the active conformation of the leadzyme should be found among the conformations common to the leadzyme and its active analogues+ We present here the principle of the intersection of conformational space (ICS) of catalytically active molecules, which allows the use of activity data+ ICS consists of the generation of a conformational library of each active analogue, and the selection of common conformers from each library+ A preliminary three-dimensional model of the leadzyme was produced by ICS, and subsequently refined by experimental data and further modeling (see Table 1 )+ The final structure is consistent with all structural and activity data and suggests a plausible reaction mechanism+ Initial models Primary and secondary structure 1+ Formation of six structural hypotheses 2+ Generation of conformations for the wild-type sequence using MC-SYM 3+ Classification
Intersection of Conformational Space
In vitro selection 4+ Threading of the variant sequences 5+ Assignment of probabilities using fuzzy set theory
Final models Chemical modification 6+ Formation of new structural hypotheses 7+ Generation of conformations for the wild-type sequence using MC-SYM 8+ Refinement using molecular mechanics energy minimization 9+ Insertion of the lead ions 10+ Refinement using molecular mechanics energy minimization a Initial models for the wild-type sequence were generated from primary and secondary structure information+ Then, the initial models were scanned for common conformations among the wild-type and other active sequences derived from in vitro selection data+ Finally, chemical modification experiments were used for verification of the best initial model and generation of a new structural hypothesis+ Molecular mechanics energy minimization was then used to obtain the final model+
RESULTS

Initial models
The internal loop of the leadzyme is composed of six nucleotides, four on one strand and two on the other (see Fig+ 1A) + No firm structural constraint is known with the exception of a pairing between C1 and A8 at pH 6+5 in the absence of lead ions, as suggested by NMR spectroscopy (Legault, 1995; Legault & Pardi, 1994 )+ To derive the first set of structural hypotheses, a maximum of base pairing and base stacking was assumed because known RNA structures and basic knowledge of RNA thermodynamics suggest that base stacking and base pairing predominate in the stabilization of internal loops (Tinoco et al+, 1987; Varani et al+, 1989; Wimberly et al+, 1993; Cai & Tinoco, 1996) + The 4 ϫ 2 asymmetry of the leadzyme internal loop allows for a maximum of two cross-strand base pairs and six ways in which these two base pairs could be distributed (see Fig+ 1B)+ Each of these combinations was evaluated by defining six structural hypotheses: Hypothesis 1 (H1) proposes the pairs C1{A8 and G2{G7+ Hypothesis 2 (H2) to hypothesis 6 (H6) involve, respectively, C1{A8 and A3{G7, C1{A8 and G4{G7, G2{A8 and A3{G7, G2{A8 and G4{G9, and A3{A8 and G4{G9+
The conformational library for each hypothesis was generated by the combinatorial assembly of every hydrogen bonding pattern of each base pair+ Here, we evaluated only hydrogen bonding involving at least two hydrogen bonds as described by Saenger (1984)+ Consideration of one hydrogen bond interaction is possible (see below), but would greatly expand the number of structures that would be generated+ Thus, a G{G base pair can be constructed using four different hydrogen bonding patterns: GG(III) [Roman numerals refer to the Saenger system of base pair conformations (Saenger, 1984) ]: GG(IV), GG(VI), and GG(VII); the A{G base pair by four hydrogen bonding patterns: AG(VIII), AG(IX), AG(X), and AG(XI); the A{A base by three hydrogen bonding patterns: AA(I), AA(II), and AA(V); and the A{C base pair by two hydrogen bonding patterns: AC(XXV) and AC(XXVI)+ In addition, conformational patterns involving protonated bases or less than two hydrogen bonds were also implemented for the case of the A{C interaction (see Fig+ 2)+ Arabic numerals refer to this class of interactions, which include: the pseudo-wobble AC(75) (Rould et al+, 1989) ; the major tautomeric forms of the bases AC(71) and AC(78) (Hutchins et al+, 1986) ; and other patterns generated mathematically, AC (68, 69, 70, 72, 73, 74, 76, 77, 79, 80 )+ These latter patterns were evaluated by MC-SYM, even though they have never been observed experimentally+ The protonated A{C base pair of type AC(75) suggested by NMR data (Legault & Pardi, 1994) was considered in hypotheses H2 and H3+ Using the wild-type sequence, 60 different base pair patterns for H1, H2, and H3, 16 patterns for H4 and H5, and 12 patterns for H6 could be con-FIGURE 2. A{C base pairing patterns implemented in MC-SYM to test the C1{A8 base pair+ All patterns involve a single hydrogen bond, except when protonation occurs, then two hydrogen bonds can be formed+ structed+ Additional conformational enrichment was created by consideration of the sugar pucker and glycosyl bond torsion angles+ Nucleotides were assigned either the C29-or C39-endo sugar puckers and either the anti or syn glycosyl bond torsion angles+ Based on existing structures, all nucleotides in double-helical stems including the flanking nucleotides were assigned the A-RNA helix conformation+
The data sets corresponding to the six hypotheses were submitted to MC-SYM+ Figure 3 shows the order in which individual nucleotides were added to the nascent models in the step-by-step construction procedure+ For each hypothesis of Figure 1B , the base pairing pattern and nucleotide conformation combinatorics defined conformational landscapes of more than 5 ϫ 10 11 different conformations+ Each of these conformations was evaluated for the wild-type sequence+ At each step in the construction, the MC-SYM constraint satisfaction solver pruned conformations that violated basic stereochemical rules (see Major et al+, 1993 )+ MC-SYM found nearly 15,000 conformations that were compatible with structural hypotheses H2, H3, H4, and H5, but no structures could be constructed for H1 nor H6+ To simplify the subsequent structural analysis, the conformers for each hypothesis were classified into 19 classes based on the base pairing patterns (see Table 2 )+ Classes had up to 15 subclasses based on sugar puckers and glycosidic angles+
Computing the ICS of the leadzyme
In theory, sets of conformations should be computed for each active analogue to determine the ICS+ In this case, the analogues were identified from in vitro selection (Pan & Uhlenbeck, 1992a) , but generally any molecule having the same activity could be considered+ A computationally more efficient technique, however, consists of trying to thread the analogue sequences through the conformations found for the wild-type sequence of the leadzyme+ The results of this exercise are shown in Figure 4+ The wild-type sequence is the only sequence that generated conformations under H2, H3, H4, and H5 (Fig+ 4)+ The set of hypotheses associated with this molecular modeling experiment is WT ϭ {H2, H3, H4, H5} and m(WT ) ϭ 1/9 (the wild type is one out of nine FIGURE 3. Graph of relations to model the leadzyme under H3+ Nucleotides are represented by vertices and their spatial relations by edges+ Circled nucleotides were assigned C39-endo sugar puckers and anti glycosyl torsion (A-RNA helix type)+ Boxed nucleotides were assigned either the C29-or C39-endo sugar puckers and either the anti or syn glycosyl bond torsion angles (sampled)+ The interpretation of this figure is as follows+ The base of C1 stacks on the base of C10+ The base of A3 stacks on the base of C1+ G2 bulges outside the helix+ The base of G4 stacks on the base of A3+ The base of C5 stacks on the base of G4+ G6 forms a Watson-Crick base pair with C5+ G7 forms a base pair involving at least two hydrogen bonds with G4 and stacks on the base of G6+ A8 forms a base pair with C1+ G9 forms a Watson-Crick base pair with C10 and stacks on the base of A8+ 
a Conformations are defined by hydrogen bonding patterns+ Subclasses are based on sugar pucker modes and base orientation at the glycosyl bond+ The percentage of models refers to the number of models containing the indicated hydrogen bonds relative to the total number of models in that class+ variants, see Materials and Methods)+ Variants A, D, and E fold only according to H3, ADE ϭ {H3}; variants B and F fold to H2, H3, and H4, BF ϭ {H2, H3, H4}; variants C and H fold to H2 and H3, CH ϭ {H2, H3}; and variant G folds to H2, H3, and H5, G ϭ {H2, H3, H5}+ These folding patterns imply the following basic probabilities: m(ADE ) ϭ 1/3; m(BF ) ϭ m(CH ) ϭ 2/9; and m(G ) ϭ 1/9, and thus, the likelihood for {H2}, {H3}, {H4}, and {H5} are [0, 2/3], [1/3, 1], [0, 1/3], and [0, 2/9], respectively (see Materials and Methods)+ These probabilities indicate that H3 has the highest degree of belief, and, thus, is most likely to contain active conformations of the leadzyme+ The plausibility of 1 indicates that H3 is the only hypothesis that can accommodate all active variants (see Materials and Methods)+ Two major conformational classes are found for H3 (Table 2) : 14% feature the AC(69) and GG(VI) pairing patterns and 86% contain the AC(71) and the GG(VI) pairing patterns+ The sugar pucker and the glycoside bond rotation further divide these classes into minor subclasses+ The RMSD between any pair of models in a given subclass is less than 2+0 Å+ Both major classes contain the GG(VI) pairing pattern and allow for the isosteric substitution of C1{A8 by C1{C8 or C1{U8 found among the analogue sequences+ Note that the AC(69) and AC(71) base pairing patterns are present among the possible active conformations, but not the AC(75), the protonated pair suggested by the NMR data (Legault & Pardi, 1994 )+ This structure was found only in the conformations compatible with H2+
A new structural hypothesis
During the course of these modeling studies, the activity of different leadzymes having a modification at virtually every functional group in the asymmetric internal loop became available (Chartrand et al+, 1997 )+ Functional groups whose modification decreased the catalytic activity of the ribozyme by at least a factor of one order of magnitude when compared to the wildtype leadzyme are shown in Figure 5+ The major inconsistency between the preliminary model and the modified leadzyme data concerned the C1{A8 base pair+ Although the functional groups of C1 FIGURE 4. Network of folding compatibilities+ Numbers in brackets indicate relative activity (Pan et al+, 1994 )+ Variant identifiers are in parentheses+ Edges connect sequences to the structural hypotheses for which MC-SYM has found consistent conformations+ Wild-type sequence can be folded into structural hypotheses H2, H3, H4, and H5+ Only H3 accommodates all active analogue sequences+ were found to be crucial in the modified leadzyme data, A8 was clearly not involved in any interaction (Chartrand et al+, 1997)+ This inconsistency raised the possibility that C1 could be involved in an interaction with G7 because type VI base pairing of G4{G7 does not implicate the functional groups of G7 involved in a Watson-Crick base pair+ This possibility gave rise to H39, a new structural hypothesis not considered in the initial modeling process+ H39 is derived from H3, but contains the base triple C1{G7{G4+ Given the invariability of C1, G7, and G4, the C1{G7{G4 combination is the only possible triple under H3+
The conformational space of this triple is defined by 19 base pairing patterns for the C1{G7 base pair (Watson-Crick, reverse Watson-Crick, and 17 patterns involving one hydrogen bond; see Fig+ 6), and 14 base pairing patterns for the G7{G4 base pair (the three G{G base pairing patterns described in the initial model and 11 patterns involving one hydrogen bond; see Fig+ 6)+ There are 266 theoretical conformations of this base triple, however, only 61 C{G{G triples are sterically sound and, among these, only 11 are possible in the context of the leadzyme hexaloop+ Because stereochemical defects are inherent in models derived from the systematic use of discreet nucleotide conformation sets, molecular mechanics refinement (see Materials and Methods) was necessary to optimize the geometry of the models+ Models that were not able to maintain their base pairing patterns during optimization were eliminated from further consideration, leaving only two models that were successfully optimized (see Table 2 )+ One of these two models featured the CG(XIX) and GG(110) base pairing patterns, and was therefore discarded because many of the functional groups found to be important from the modified nucleotide data, i+e+, the significant A3:N 6 , G7:N 7 , G4:N 1 , G4:O 6 , G4:N 2 , and G2:N 7 , were not involved in stabilizing interactions and A3:N 6 was positioned far from the active site+ On the other hand, the model featuring the triple composed of the CG(XXII) (reverse Watson-Crick) and GG(VI) base pairs satisfied all available structural data+
DISCUSSION
A conformation consistent with catalytic activity
The conformation proposed by this procedure, as shown in Figure 7 , satisfies many criteria that could be expected of an active conformation+ In particular, the atom C1:O 29 , the presumed nucleophile, is aligned with the G2:P and G2:O 59 , as required of an in-line cleavage mechanism+ A potential Pb 2ϩ binding site is found adjacent to the cleavage site and is bounded by the base triple on one side and the backbone atoms of C1 and G2 on the other (see Fig+ 7A)+ The Pb 2ϩ cofactor is presumed to be bound in proximity to the catalytic site FIGURE 5. Summary of the functional groups found important for the catalytic activity of the leadzyme+ Deletion of these functional groups leads to a decrease in activity by more than one order of magnitude compared with the wild-type+ Those in parentheses reduce the activity by a factor less than 10ϫ+ FIGURE 6. C{G and G{G base pairing patterns involving one hydrogen bond, as implemented in MC-SYM to test the C1{G7 and G4{G7 base pairs+ The C{G base pairs were assigned canonical Watson-Crick patterns+ The G{G base pair was assigned two hydrogen bond pairing patterns only+ to promote the nucleophilic character of the C1:O 29 + In this position, the electronegative binding pocket is defined by A3:N 6 , A3:N 7 , G2:P, C1:O 29 , G4:O 6 , and G4:N 7 , all of which have been shown to be important for catalytic activity and could contribute to the affinity of the cation at this site+ The in-line mechanism suggested by this structure, although likely, differs from the adjacent mechanism suggested for the yeast tRNA Phe , which involves pseudorotation at the scissile phosphate (Brown et al+, 1985) + Current experimental data do not permit a distinction between these two mechanisms+ The model also suggests that the catalytic lead cation could be involved in the stabilization of the transition-state trigonal bipyramid conformation of the phosphate group+ The distance between the Pb-O 1 P is less than 4 Å compared with the much longer distance observed in the lead binding pocket of tRNA Phe (Brown et al+, 1985) + Our model correctly predicts the specificity of cleavage because the C1:O 29 H is the only 29-OH within the catalytic pocket (see Fig+ 7B)+
A second lead binding site?
The loss in free energy of transition-state stabilization, ⌬G, due to the deletion of G7:N 2 , is 3+2 kcal/mol, a value similar to that observed at G12:N 2 in the magnesium ion binding pocket of the hammerhead ribozyme (Scott et al+, 1995) + In the leadzyme model, G7:N 2 is involved in only one hydrogen bond with C1:N 3 and could therefore be available for ion binding+ Also, modifications in this region reduced the cooperative binding of lead cations, whereas modifications in the catalytic site had no effect (Chartrand et al+, 1997 Figure 7B , positions it below the plane of the G9 base, increasing its exposure to the Pb 2ϩ , in the presumed binding pocket+ This region contains several phosphodiester bonds that would be good potential coordination sites for the cation as well (Fig+ 7)+ To permit energy minimization of the metalo-nucleotide complex, Pb 2ϩ ions were parameterized as indicated in Materials and Methods+ The energy-minimized model is shown in Figure 7C+ During minimization, the guanine base at position 2 moved slightly back toward the outside of the catalytic core, creating a better pocket for Pb 2ϩ than in the initial model+ However, the most striking aspect of this optimized structure is how the phosphodiester chain folds back on itself in the G9, A8, and G7 region+ This folded-back conformation is due to a reverse Watson-Crick at the G9-C10 pair and the bulged-out nucleotide A8+ Undoubtedly, this chain reversal would normally be unlikely due to the close juxtaposition of the charged phosphates in the looped back region; however, in the leadzyme structure, these charges could be shielded very effectively by the Pb 2ϩ in the second binding pocket+ The finding that an equimolar amount of neodymium, Nd 3ϩ , and Pb 2ϩ increases the catalytic activity of the leadzyme (Ohmichi & Sugimoto, 1997) could be due to the fact that only large ions provide sufficient shielding of the phosphate ions at this site+ In the context of our two metal-ion binding site model, Nd 3ϩ would bind in the structural site and Pb 2ϩ in the catalytic site, because Nd 3ϩ is inactive alone+ Higher Nd 3ϩ /Pb 2ϩ ratios reduce the activity because Nd 3ϩ ions may compete for the catalytic binding site+ No data are currently available on the functional groups involved in the formation of the catalytic site of the second step of the leadzyme reaction, the cyclic phosphate hydrolysis+ However, according to our model, the propensity of the leadzyme to catalyze the hydrolysis of the cyclic phosphate could be due to: (1) the fact that the 59 leaving group is an unpaired nucleotide and thus less likely to be in position for a reversal of the reaction; (2) the availability of water due to the state of hydration of the duodecavalent Pb 2ϩ is much greater than Mg 2ϩ , the usual metallic catalyst of ribozyme reaction; and, (3) the active conformation could exist long enough for a second chemical step+
Applicability of the ICS method
Structural modeling using the ICS approach, like any modeling project, is an attempt to reconcile all data into a three-dimensional form+ This technique should not be confused with structural determination, because modeling necessarily depends on the quantity and, above all, quality of the data used during the process+ In this sense, computer modeling with qualitative data can be thought of as a low-resolution data transformation process+ Nevertheless, these models, even those of low resolution, offer the experimentalist a composite view of a variety of experimental results in an easy to understand form, thereby facilitating the design of more definitive experiments (Cedergren & Major, 1998)+ In the present case, additional assumptions such as that concerning the conformation of the helical regions (the A-RNA helix conformation) and maximizing base pairing in the internal loop region of the molecule have been used+ Basic knowledge of RNA thermodynamics suggests that base stacking and base pairing predominate in the stabilization of internal loops (Tinoco et al+, 1987; Varani et al+, 1989; Wimberly et al+, 1993; Cai & Tinoco, 1996) + Also, it is assumed that the nucleotide conformation at each position is present in the conformational set used in the preliminary model+ However, energy minimizations used to construct refined models limit the effect of this assumption+ These types of assumptions are more practical than fundamental because they are used primarily to speed up the algorithm, and in some cases could be done away with entirely+ It is important to understand that the ICS technique that we developed is in itself not dependent on these assumptions and could be applied to cases where no such assumptions were made+ A B A model being dependent on available data is subject to change, as more structural data become available+ A key element of the present work is that we were able to propose a single conformation that responds to a certain number of criteria expected of a catalytic molecule and is consistent with all available data on the leadzyme except for the proposed AC base pair, as is the modified nucleoside data as well+ We believe that the ICS method should produce a truer picture of the active conformation of the leadzyme as the number of analogues increases+ Even more precise structural data would be necessary to establish the nature of the structural interrelationships among the functional groups found important in the chemical modification data that are not involved directly in interactions+
MATERIALS AND METHODS
Formalism for the ICS approach
If we assume that each active sequence variant has an equal probability of adopting any given conformation, then probabilities can be assigned to structural hypotheses, X, in the following way: m(X ) ϭ 0, if none of the variants are compatible with the models in X, and m(X ) ϭ 1, if all variants are compatible with at least one model of the hypothesis in X+ The likelihood of a single structural hypothesis, {x }, is given by an interval of probabilities, [Bel({x }), Pl({x })], where Bel({x }) ϭ ⌺ Yʕ{x} m(Y ) and Pl({x }) ϭ ⌺ Yപ{x} m(Y ) (Zadeh, 1983 )+ The belief of x, Bel({x }), corresponds to the sum of the basic probabilities for the sets that contain exactly x, equal to {x }, and the plausibility of x, Pl({x }), corresponds to the sum of the basic probabilities of the sets that include x )+
Molecular mechanics energy minimization
MC-SYM structures were refined using molecular mechanics calculations performed by the molecular simulation program sander, from the Amber 4+1 suite of programs (Pearlman et al+, 1995) using the Amber 94 forcefield+ All 1-4 electrostatic interactions were reduced by a 1+2 factor as suggested for the 94 Amber forcefield+ A distance-dependent dielectric model, e ϭ 4R ij , for the Coulombic representation of electrostatic interactions was used, as suggested by Weiner et al+ C FIGURE 7. The proposed model+ Nucleotides of the C{G{G base triple are shown in cyan+ The C1:O 29 H, the P between C1 and G2 and the G2:O 59 are aligned, suggesting the in-line attack indicated by the red arrow+ The P-O 59 scissile bond is shown in orange+ The lead ions are shown in gray+ The flanking G9{C10 and C5-G6 base pairs are shown in yellow+ G2, A3, and A8 are shown in green+ Atoms determined to be important for the catalytic activity are drawn with CPK surfaces using blue for nitrogen, red for oxygen, magenta for phosphate, and white for hydrogen atoms+ Atoms with smaller CPK surfaces were not tested individually with modification experiments (see Fig+ 4)+ A: In-line attack+ A metal binding pocket can be observed whose internal surface is made up of many functional groups that were found important in modification experiments+ B: Stereo view of the active site+ C: Stereo view of the leadzyme complex with lead+ The backbone ribbon of the nucleotides from the leadzyme 59 end to C1 is shown in red+ Near the second lead ion binding pocket, the phosphodiester chain folds back on itself as indicated by the magenta ribbon of nt 6-9+ The backbone ribbon of all other nucleotides is shown in gray+ Hydrogen bonds are shown as white dashed lines+ (1984; 1986) + As a first step, energy minimization has been performed using the steepest descent for 50 steps, then the conjugate gradient method was applied until the maximum derivative was less than 0+01 kcal/mol/Å+ The alignment of the C1:O 29 with G2:P and G2:O 59 , and the base pairs assigned by MC-SYM were restrained during the first 5,000 steps+ No cutoff was used during the minimization+
Parameterization of the lead ion
The charge parameter was fixed at 2+0+ The van der Waals parameters were initially assigned a basic radius of 1+4 Å, corresponding to the Pauling radii+ The potential well depth parameter, e, was fixed at 0+15 kcal/mol, corresponding to a slightly higher potential than that of the phosphate atom+
Molecular mechanics energy minimization with lead ions
Two Pb 2ϩ were added to the leadzyme structure+ The first was placed between atoms G4:O 6 and C1:C + Both sites correspond to a high electronegativity surface (not shown)+ Molecular mechanics calculations were performed as described above except that the Amber 94 forcefield was modified to include the Pb 2ϩ parameters+ For the first 5,000 steps, the cations were restrained to their starting positions+ The conjugate gradient method was applied until the maximum derivative was less than 0+1 kcal/mol/Å+ Then, the restraints were removed and the minimization was continued until the maximum derivative was less than 0+01 kcal/mol/Å+ The calculated empirical potential energy of the minimized lead structure was Ϫ168+6 kcal/mol+ The atomic coordinates of the minimized model can be found at: http://www-lbit+iro+umontreal+ca/structures/ leadzyme+pdb+
GAAA loop
The GAAA tetranucleotide loop of the leadzyme was modeled from the structural features of the solution structure of the GNRA class of tetranucleotide loops (Heus & Pardi, 1991 )+ The MC-SYM script encoding the structural constraints defined for the GAAA loop describes a search tree of 28,946 nodes from which only eight models were consistent+ The maximum RMSD (excluding H atoms) among the eight models was approximately 0+9 Å+ One of the GAAA models found by MC-SYM was appended to complete the leadzyme structure+
